Redshifts of an astronomical body measured at multiple epochs (e.g., separated by 10 years) are different due to the cosmic expansion. This so-called Sandage-Loeb test offers a direct measurement of the expansion rate of the Universe. However, acceleration in the motion of Solar System with respect to the cosmic microwave background also changes redshifts measured at multiple epochs. If not accounted for, it yields a biased cosmological inference. To address this, we calculate the acceleration of Solar System with respect to the Local Group of galaxies to quantify the change in the measured redshift due to local motion. Our study is motivated by the recent determination of the mass of Large Magellanic Cloud (LMC), which indicates a significant fraction of the Milky Way mass. We find that the acceleration towards the Galactic Center dominates, which gives a redshift change of 7 cm/s in 10 years, while the accelerations due to LMC and M31 cannot be ignored depending on lines of sight. We create all-sky maps of the expected change in redshift and the corresponding uncertainty, which can be used to correct for this effect.
Introduction
Suppose that we measure a redshift of an astronomical body today, and measure it again in 10 years. These redshifts are different due to acceleration or deceleration of the cosmic expansion. Proposed first by Sandage (1962) and elaborated by Loeb (1998) , this effect provides a direct measurement of the expansion rate via (Quercellini et al. 2012 , for a review)
where ∆z is a change in redshift ("redshift drift"), ∆t0 is a time interval (e.g., 10 years), H(z) is the Hubble expansion rate at a given z, and H0 is its present-day value. For a flat Λ Cold Dark Matter (CDM) model with the matter density parameter of ΩM = 0.3 and H0 = 70 km/s/Mpc, ∆z is positive at z < ∼ 2 and negative otherwise. It is common to express the magnitude of ∆z in terms of the velocity shift, ∆v = c∆z/(1 + z), and we find, for example, ∆v ≈ −2.5 cm/s for z = 3 over ∆t0 = 10 years. Measuring this effect is one of the science targets of the upcoming large aperture telescopes such as TMT 1 and E-ELT (Cristiani et al. 2007; Corasaniti et al. 2007; Liske et al. 2008) .
However, our local motion (i.e., the acceleration of Solar System with respect to the rest frame of the cosmic microwave background (CMB)) also contributes to the change in redshift, which will contaminate measurements of the cosmological redshift drift. In this paper we calculate the acceleration of Solar System with respect to the Local Group (LG) of galaxies, to report that ∆v from the local motion is comparable to the cosmological signal and thus must be corrected. Our study is motivated in particular by the recent determinations of the mass of Large Magellanic Cloud (LMC), which indicate a rather large mass of (0.15−0.3)×10 12 M⊙ (Peñarrubia et al. 2016; Laporte et al. 2018; Erkal et al. 2019) . Quercellini et al. (2008) and Amendola et al. (2008) considered accelerations of other objects (such as globular clusters) in the Milky Way and member galaxies of galaxy clusters, respectively. We shall not consider them in this paper, but focus entirely on the acceleration of the Solar System with respect to the rest frame of the LG galaxies.
Throughout this paper the error bars are quoted at 68% confidence level, and the propagation of the errors is done by assuming that the probability distribution is a Gaussian.
Accelerations
It is convenient to split the local acceleration with respect to the CMB, aSun−CMB, as
where aSun−MW, aMW−LG, and aLG−CMB are the acceleration of Solar System with respect to the center of our Galaxy (Milky Way; MW), that of MW with respect to barycenter of LG, and that of LG with respect to the rest frame of the CMB. However, it is difficult to estimate aLG−CMB due to the lack of modelling of the structures surrounding LG; thus, we ignore this term and focus on the other two terms in this paper (see, however, the end In this paper we shall ignore the higher-order (relativistic) corrections, which are at most of order 10 −3 times aSun−CMB, as they are suppressed by vSun−CMB/c ≈ 10 −3 . Specifically, we shall include only the acceleration term (ar/c) in Eq. (A18) of Liske et al. (2008) , or equivalently the 4-acceleration term (w µ O pµ) in Eq. (3.35) of Korzyński & Kopiński (2018) . The general relativistic corrections (Korzyński & Kopiński 2018; Marcori et al. 2018 ) are even smaller. See Eq. (4.16) of Marcori et al. (2018) for the explicit forms of the contribution of the gravitational potentials to the redshift drift. We can estimate the impact of time-derivative of the potential toż aṡ Φ ≈ H0(vSun−CMB/c) 2 ≈ 10 −6 H0, which is negligible.
Sun-MW
Let us define our coordinate system such that x is the direction towards the Galactic Center, y is the direction of the Galactic rotation, and z is the direction of the Galactic North Pole. Specifically,
where l and b are the Galactic longitudes and latitudes, while D is the distance to an object.
First, we calculate aSun−MW for a spherically symmetric mass distribution, and later compare the result with more realistic mass distribution of MW. By definition, the accelerations in y and z directions vanish. We thus obtainẍ = GM (< D)/D 2 , where G is the gravitational constant and M (< D) is the mass of MW inside the orbit of Solar System. Approximating the orbit of Solar System to be circular, we relate M (< D) to the circular velocity V as M (< D) = DV 2 /G; thus,ẍ = V 2 /D. Using D = 8.2 ± 0.1 kpc and V = 238 ± 15 km/s (Bland-Hawthorn & Gerhard 2016), we obtainẍ = (2.25 ± 0.28) × 10 −8 cm/s 2 .
We compare this result with that from more realistic mass distribution of MW. Following Kallivayalil et al. (2013) and Gómez et al. (2015) , we model the gravitational potential of MW as the sum of a Miyamoto-Nagai disk (Miyamoto & Nagai 1975) , a Hernquist bulge (Hernquist 1990) , and a Navarro-Frenk-White dark matter halo (Navarro et al. 1996) including the effect of adiabatic contraction (Gnedin et al. 2004 ). See Gómez et al. (2015) for the parameters of the model. The cosmological parameters are Ωm = 0.3 and H0 = 70 km/s/Mpc. Taking a derivative of the potential, we find that this model yields the Solar System circular velocity of 239 km/s and the acceleration ofẍ = 2.27 × 10 −8 cm/s 2 , which are in excellent agreement with those of the spherically symmetric model. Therefore, for simplicity we adoptẍ = (2.25 ± 0.28) × 10 −8 cm/s 2 as our baseline result. 
MW-LG
Next, we calculate aMW−LG. As the mass of LG is dominated by MW, M31 and LMC, we approximate the MW-LG dynamics as a three-body problem. Including M33 and SMC, whose masses are one order of magnitude smaller than those of M31 and LMC, respectively, does not change our results significantly. The acceleration of each galaxy is thus given bÿ
where ri = (xi, yi, zi) and Dij = (rj − ri) · (rj − ri). Here, i = MW, M31, LMC and Mi is the total mass of each galaxy. We use (l, b) from SIMBAD 2 , D given in Peñarrubia et al. (2016) , and Eq.
(3) to calculate the coordinates of galaxies (x, y, z). See Table 1 for the values. The masses are MMW = (1.04 +0.26 −0.23 ) × 10 12 M⊙, MM31 = (1.33 +0.39 −0.33 ) × 10 12 M⊙, and MLMC = (0.25 +0.09 −0.08 ) × 10 12 M⊙ (Peñarrubia et al. 2016) . The LMC mass can be slightly higher (Laporte et al. 2018) or lower (Erkal et al. 2019 ) than this value. As we find that the contribution of aSun−MW dominates, the uncertainty in the LMC mass has a minor impact on our result.
For convenience of the error propagation, we symmetrize the error bars and use the values given in Table 2 . The estimated accelerations are summarized in Table 3 .
All-sky maps of the velocity shift
The cosmological redshift drift is of order a few cm/s in 10 years. To compare this, we convert the acceleration to the velocity shift using ∆v = a∆t0 with ∆t0 = 10 years. We find (∆vx, ∆vy, ∆vz) = (7.08 ± 0.90, −0.36 ± 0.13, −0.24 ± 0.08) cm/s. Therefore, the change in the redshift due to local motion is comparable to the cosmological signal. Using 30 years of the VLBI data, Xu et al. (2012b) inferred the acceleration of the Solar System with respect to the rest frame of extra-galactic objects (also see Xu et al. (2012a) for their earlier estimate). They find ax = (7.47 ± 0.46) mm/s/yr. 3 The component in the y direction is not detected, ay = (0.17 ± 0.57) mm/s/yr. These results agree with those in the other studies to within uncertainties (Titov et al. 2011; Truebenbach & Darling 2017) . On the other hand, surprisingly, Xu et al. (2012b) find a significant component in the z direction, az = (3.95 ± 0.47) mm/s/yr, which is not found by the other studies (Titov et al. 2011; Truebenbach & Darling 2017) . Our model yields ax and ay which are in agreement with all studies to within uncertainties (Titov et al. 2011; Xu et al. 2012b; Truebenbach & Darling 2017) . While our az agrees with Titov et al. (2011) and Truebenbach & Darling (2017) , it disagrees strongly with Xu et al. (2012b) .
To create an all-sky map of ∆v in the Galactic coordinates, we use ∆v(l, b) = ∆vx cos l cos b + ∆vy sin l cos b + ∆vz sin b. (2.24 ± 0.28) × 10 −8 ay (cm/s 2 ) 0 (−1.13 ± 0.40) × 10 −9 (−1.13 ± 0.40) × 10 −9 az (cm/s 2 ) 0 (−7.68 ± 2.65) × 10 −10 (−7.68 ± 2.65) × 10 −10
In the top and bottom panels of Figure 1 , we show the maps of ∆v(l, b) and the uncertainty, respectively, in units of cm/s. We also show locations of 71 bright quasars at z = 2 − 4 with the B-band magnitude of B < 16.5 following Balbi & Quercellini (2007) , taken from the MILLIQUAS quasar catalogue (Flesch 2015, updated to version 5.7 4 ). We find that ∆v(l, b) is dominated by the acceleration towards the Galactic Center. The maximum value is 7.1 cm/s. The direction of the maximum, (l, b) = (−3 • , −2 • ), is slightly off the Galactic Center, which indicates importance of the contribution from LG.
To check accuracy of the results from the spherically symmetric model of MW, we compare ∆vSun−MW from the spherically symmetric model and more realistic model in Figure 2 . We find that the difference between these two models is below the uncertainty. Note that there is a plane in the uncertainty map where the uncertainty is close to zero. This occurs because this is the direction perpendicular to the Galactic Center, in which the acceleration (hence ∆v(l, b)) vanishes by definition.
To show importance of the contribution from M31 and LMC, we separately show ∆v(l, b) from aSun−MW (left) and aMW−LG (right) in Figure 3 . We find that the latter is dominated by the acceleration towards LMC, and the maximum value, 0.43 cm/s, is greater than the uncertainty in ∆v(l, b) in that direction (l, b) ≃ (280 • , −30 • ). Therefore, we cannot ignore the contributions from aMW−LG.
The contribution of LMC is a factor of a few smaller than typical precision of redshift drift measurement in the upcoming projects such as TMT and E-ELT, which is given by σv = 1.35 cm/s (S/N/2370) −1 (NQSO/30) −1/2 [(1 + zQSO)/5] −1.7 (Liske et al. 2008) . Here, S/N is the signal-to-noise ratio of spectra per 0.0125Å pixel, and NQSO and zQSO are the number and redshift of quasars, respectively.
Conclusion
In this paper we have calculated the change in redshift due to the motion of Solar System with respect to LG. We find that the acceleration towards the Galactic Center dominates, which yields a velocity shift of 7.1 cm/s in 10 years. This is comparable to the cosmological effect; thus, we must correct for the velocity shift due to the local motion before inferring the expansion rate of the Universe from redshift drift measurements.
We also find that the contributions from LMC and M31 (with 4 http://quasars.org/milliquas.htm the maximum velocity shift of 0.43 cm/s towards the LMC direction) are greater than the uncertainty in our estimate. They will become more important as we improve upon accuracy of the distance to the Galactic Center and the Galactic rotation velocity.
While the cosmological redshift drift signal depends on redshifts of objects, the change due to the local motion does not. In addition, the cosmological redshift drift signal is isotropic over the sky, whereas the local motion yields a dipolar pattern. We can also use these properties to subtract the effect of the local motion. When doing so, we must take into account the fact that quasars at different redshifts appear at different locations in the sky, which receive different contributions from the local motion. If we ignore this, the local motion would yield a spurious redshift-dependent effect, which could be confused as the cosmological redshift drift.
We have ignored the last term in the left hand side of Eq.
(2), aLG−CMB. If the future measurements of the redshift drift reveal the pattern that is very different from Figure 1 , it may indicate that aLG−CMB is large. Indeed this might have been seen already from 30 years of the VLBI data indicating a significant vertical acceleration component az (Xu et al. 2012b) , though other studies (Titov et al. 2011; Truebenbach & Darling 2017) do not find such a large az. This situation is reminiscent of the dipole anisotropy of the CMB: the direction of dipole was found to be nearly opposite of the direction of the Galactic rotation, which led to unexpected discovery that LG is moving with respect to the rest frame of CMB at a velocity faster than 600 km/s (see Section 4.7.2 of Peebles et al. 2009 for recollection by David Wilkinson). Who knows, a similar surprise might await us. 
